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Coherent time-frequency visualization reveals symmetry-selective vibronic (mixed exciton/lattice)
quantum beats at cryogenic temperature after a single-cycle terahertz (THz) pumping in MAPbI3
perovskite. Above a critical threshold, a Raman phonon mode distinctly modulates the very narrow,
middle region with persistent coherence for more than ten times longer than the two sides that
predominately couple to infrared (IR) modes. Such spectral-temporal asymmetry and selectivity are
inconsistent with a single exciton model, but in excellent agreement with a simulation of the Rashba-
type, three-fold fine structure splitting of middle optically-forbidden, dark excitonic states and two
bright ones, lying above and below. These hint “Rashba engineering, i.e., periodic brightening and
modulation of the spin-split excitons and Rashba parameters, by phonon symmetry and coherence.
Exciton fine structure splitting (FSS) in metal halide
perovskites is controlled by Rashba- [1] and/or exchange-
type [2] effects by lifting spin and momentum degen-
eracies. Although their presence still represents an out-
standing problem in bulk methylammonium lead iodide
(MAPbI3), such effects are hypothesized to strongly
influence its revolutionary magnetic and photovoltaic
properties, e.g., long photocarrier lifetimes [3, 4] and
spin/charge diffusion lengths [5–7]. Specifically, the
Rashba effects in MAPbI3, Fig. 1(a), lead to the ex-
citonic FSS from spin split bands, Fig. 1(b), where the
four fold degeneracy of the 1s exciton is lifted by the
Rashba terms αe(h)~σe(h) ·nˆ×i~5re(h) [8]. Here αe(αh) and
σe(σh) denote the Rashba parameter and Pauli matrices
for the J=1/2 (S=1/2) conduction (valance) band, re-
spectively (inset, Fig. 1(c)). The resulting lowest-lying,
three-fold splitting is characterized as two bright exciton
states lying above and below two degenerate dark states
in MAPbI3 [9]. However, the challenge for identifying
them lies in the small exciton FSS that is hidden beneath
an inhomogeneously broadened bandgap absorption and
further masked by the underlying random lattice fluctu-
ations [4, 10]. For example, the bight/dark state split-
ting (three dash lines, Fig. 1(c)) is expected to be only
few nm and 10 times smaller than the broad emission
bandwidth (>30 nm). Particularly, the presence of mid-
dle optically-forbidden, dark states (black dotted line),
the hallmark spectroscopy feature, and dynamics of such
internal structure, remain elusive in perovskites despite
intense recent study [8, 11–16].
Coherent quantum beat spectroscopy driven by an in-
tense single-cycle THz pulse, Fig. 1(a), is extremely
relevant for discovery and control of the excitonic FSS.
First, the deep sub-bandgap pump spectrum centered at
∼6 meV or 1.5 THz (gray, Fig. 1(c)) can lead to coher-
ent excitation of phonons [17] with minimum heating and
carrier generation. Such non-thermal pumping allows the
determination of the genuine ground state, few nm elec-
tronic splitting, in contrast to, e.g., optical pumping that
generates high density hot carriers, large >10s of nm ex-
citonic shift and short-lived, sub-ps oscillations due to the
strong dephasing and heating [18, 19]. Second, the driven
“ultrafast-ultrasmall” lattice displacement senses the lo-
cal dynamic dielectric environment and affects excitons
that can be visualized by quantum beats in fs and THz
scales. Third, the dark states can be periodically bright-
ened by symmetry breaking via coherent phonons, unlike
thermal lattice motions averaging to zero. This allows the
determination of the excitonic FSS by their symmetry-
selective coupling to IR or Raman phonon modes. This
is predicted (Fig. 1(b)) by three simulated snapshots of
electronic bands during one phonon cycle of a specifically-
tailored Raman symmetry (ωR mode ∼0.8 THz). This
shows subcycle brightening of dark excitons by period-
ically modulating the Rashba parameters and spin-split
bands that are not observed (Supplementary, Fig. S7).
Here we show quantum beats induced by an intense
single-cycle THz field in bulk MAPbI3 crystals. This re-
veals and controls the excitonic FSS via their symmetry-
selective coupling to predominantly Raman or IR phonon
coherence. Fig. 1(d) shows a 2D false-colour plot of
electric field dependent, transient differential reflection
signals ∆R/R(∆tpp, ETHz) at 760 nm probe wavelength
and 4.1 K as a function of time delay ∆tpp up to 5.7
ps and ETHz pump up to ∼1000 kV/cm. This excites
a pronounced oscillatory behavior with complex beating
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Figure 1. (a) Experimental schematics. (b) The bandstruc-
ture modulation during one phonon cycle of a Raman mode
ωR (supplementary [31]). (c) Deep-subgap THz pump spec-
trum (gray shade) shown together with the photolumines-
cence (PL) spectrum (red line) at 4.1 K. Inset: An illustration
of Rashba-type MAPbI3 bands. Three dashed lines under the
broad PL emission linewidth mark the predicted two bright
(yellow and green) and two degenerate dark states (black)
(main text). (d) 2D false-colour plot of ∆R/R at 760 nm
probe induced by THz pump at 4.1 K. Time (at ETHz = 938
KV/cm) and field dependence of ∆R/R amplitudes.
patterns superimposed on a slow amplitude decay after
the sub-ps pump, as shown in the ∆R/R dynamics at
ETHz =938 kV/cm (Fig. 1(e)). Furthermore, time-cut
(red circle, Fig. 1f) plot at ∆tpp=3.2 ps (after the pump)
clearly shows a nonlinear THz field dependence. This
manifests as a critical threshold Eth ∼200 kV/cm, ∼2
times of the field used in prior study [20], and a complete
saturation of excitonic signals at Esat ∼1000 kV/cm.
These THz-driven non-perturbative quantum beats are
only discovered in perovskites until now due to the in-
tense achieved here [21].
The spectral-temporal behavior of THz pump-induced
∆R/R offer insights distinguished from optical pumping
[22, 23]. The white light continuum ranging from 730 nm
to 770 nm is used to probe excitonic states in MAPbI3
after THz excitation ETHz= 938 kV/cm and at 4.1 K
(Fig. 2(a)). The spectra exhibit a broad bi-polar line-
shape (Fig. 2(b)) of ∼30 nm width, i.e., a positive ∆R/R
change switches to negative at 755 nm. Most intriguingly,
the positive (∼751 nm), negative peaks (∼757 nm) and
zero crossing (∼755nm) (dashed lines) show negligible
spectral shift during the large ∆R/R decay, as shown at
time delay ∆tpp= 0.22 ps (red diamond) and 3.7 ps (blue
circle). The much narrower ∼3 nm separation marked
(Fig. 2(b)) is 10 times smaller than the PL (Fig. 1(c))
linewidth and spectral shift (>100 nm) in the prior ex-
cited state studies by optical pumping [11, 19]. These
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Figure 2. A three-fold hidden excitonic fine structure re-
vealed by mode-selective quantum beat spectra and dynam-
ics at Eth=938 kV/cm and 4.1 K. (a) 2D false-colour plot of
THz pump-induced white light spectra.(b) A time-cut, ∆R/R
spectrum at ∆tpp= 0.22 ps (red) and 3.7 ps (blue). They ex-
hibit three stable spectral positions, i.e., positive (negative)
peaks and zero crossing, marked by dashed lines indicative
excitonic FSS. (c) Zoomed ∆R/R (square) shows new oscilla-
tions only within ∼3.5 nm. (d)-(f): The wavelength-cut, three
∆R/R dynamics are shown at 760 nm (blue), 755 nm (black)
and 750 nm (red), respectively. Inset of (f): clearly longer
amplitude decay at the 760 nm trace than the 750 nm one.
(g) Corresponding Fourier spectra of (d)-(f), shown together
with the static Raman spectrum (gray) at 4.1 K.
imply that such stable three-fold positions seen by THz
non-thermal pumping are generic and determined only
by ground state excitonic FSS. This conclusion is further
corroborated below.
We present next wavelength-dependent quantum co-
herence and transient state relaxations that support the
hidden three-fold structure inside the “single broad exci-
ton peak. First, there exhibit persistent coherent oscilla-
tions only within a narrow linewidth ∼3.5 nm, as shown
in zoomed ∆R/R 2D plot near the zero crossing position
(Fig. 2(c)) of a broad, ∼30 nm resonance. The oscil-
lations are very different from those outside this narrow
spectral region. This becomes much more pronounced
by comparing three wavelength-cut dynamics at long
times, i.e., the middle, 755 nm probe trace (black, Fig.
2(d)) exhibits remarkably long-lasting quantum oscilla-
tions shown for the first 5 ps and for the extended time
scales up to many tens of ps (split axis), while the 760 nm
(blue, Fig. 2(e)) and 750 nm (red, Fig. 2(f)) traces on
the two sides near negative and positive peaks (Fig. 2(b))
3have much shorter-lived quantum beats mostly within
∼5 ps. Second, although the two exciton sidebands at
760 nm and 750 nm show a quasi-symmetric temporal
beating pattern within ∼5 ps, their ∆R/R signals af-
ter dephasing show different relaxation times with clearly
longer-lived signal at the lower, 760 nm trace than the 750
nm one (inset, Fig. 2(f)). Such asymmetry on two sides
and “sharp” appearance of new oscillations (Fig. 3(c))
in the middle cannot be accounted by a single exciton
oscillator. These distinguishing features are consistent
with the periodically brightened, dark states in the cen-
ter with persistent coherence and narrow linewidth since
they are much less coupled to the dielectric environment.
They are distinguished from the bright states on both
sides that are expected to exhibit shorter coherence and
broader linewidth.
Fig. 2(g) reveals further the distinct wavelength-
dependent phonon modes which disclose a symmetry-
selective coupling to the excitonic FSS in MAPbI3. The
Fourier transformation (FT) spectra of quantum beats
are shown for three excitonic states at 760 nm (blue),
755 nm (black) and 750 nm (red), respectively. The low-
frequency Raman spectrum (gray shade) from the same
conditions is shown together to identify the mode symme-
try. The FT spectrum at the center band clearly displays
a pronounced peak at ωR =0.8 THz that matches very
well with the dominant transverse optical Raman mode
from octahedral twist of PbI6 cage [24]. Besides the main
peak, there exist multiple secondary peaks mostly below
2 THz that correlate with the THz Raman modes ωRaman
(red lines). In strong contrast, the ωR mode is strongly
suppressed in the FT spectra of the side excitonic bands
at 750 nm and 760 nm, which, instead, exhibit multiple
strong peaks ≥2 THz, quasi-symmetrically present (black
dash lines), i.e., ωI =2 THz, 2.3 THz, 2.66 THz, 3.1 THz,
and 3.4 THz. They are absent in the measured THz Ra-
man spectrum but mostly consistent with the calculated
IR phonon modes ωIR [24–27]. These distinct compar-
isons indicate the preferred coupling of the center (side)
excitonic bands to the ωR (ωI) phonons of two differ-
ent symmetries. In addition, the 750nm and 760 nm FT
spectra dont scale each other, indicative of two different
bright exciton states with slightly asymmetric coupling
to ωIR [31]. These again support the complex excitonic
structure that the middle dark states are brightened pe-
riodically by coherent phonons of Raman symmetry (Fig.
2(g)) and the bright ones are on two sides with a narrow
bright/dark state splitting ∼3 nm in Figs. 2(b).
To further identify the evolution of the symmetry-
selective persistent coherence of bright and dark states,
we performed Continuous Wavelet Transforms (CWT
chronograms, supplementary [31]) of the data at two rep-
resentative probe wavelengths for bright and dark states,
760 nm (Fig. 3(a)) and 755 nm (Fig. 3(b)) at 4.1 K
for the initial and for the extended 10s of ps time scales
(split axis). Such time-frequency space transformation
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Figure 3. Continuous wavelet transform of THz pump driven
∆R/R dynamics at probe wavelength 760 nm (a) and 755 nm
(b) at 4.1 K. Shown together there are the time-integrated
power spectra from time-frequency analysis of the 760 nm (c,
green circles) and 755 nm (d, blue circles). Note that the
exponential amplitude decay components are removed from
the ∆R/R signals before CWT is performed [31].
allows for the determination of the times at which var-
ious vibronic modes appear and diminish, by obtaining
the spectra with a finite time interval continuously mov-
ing cross the oscillatory signals [31]. Two distinct phonon
bands, labeled as Raman-like (<2 THz) and IR-like (2-
4 THz), in the time-integrated CWT power spectra are
shown in Figs. 3(c) and 3(d) (green and blue circles),
which correspond to the predominantly Raman and IR
modes based on their frequency range shown in Fig.
2(g). The power spectra evolve distinctly different for the
two bands. Specifically, the IR band, enhanced by cou-
pling to the side excitonic states at 760 nm (Fig. 3(a))
while suppressed at 755 nm (Fig. 3(b)), forms quasi-
instantaneously with THz pumping but quickly dies out
within 1 ps, e.g., at ωIR frequency (red dash line, Fig.
3(a)). This indicates a very strong vibronic dephasing
associated with the bright excitons that are coupled by
IR phonons. In contrast, the Raman band, especially at
the ωR frequency (marked by red dash line), is enhanced
by coupling to the middle excitonic state (Fig. 3(b)),
which is characterized by a slow buildup and surprisingly
long-lived, tens of ps vibronic coherence, for more than
an order of magnitude longer than bright states. This
is consistent with the optically-forbidden dark states at
the center (red dash line, Fig. 3(b)). Note that there
are other fine details, e.g., both chronograms near zero
4delay exhibit short-lived features in both excitonic states
in Figs. 3(a) and 3(b) which we attribute to the di-
rect coupling between the pump and IR phonon mode,
both centered ∼1 THz [28–30]. Therefore, coherent time-
frequency responses clearly disentangle inhomogeneously
smeared dark-bright exciton splitting via their symmetry-
selective coupling to different phonons.
To put the observations on a strong footing, we have
performed simulations based on an exciton FSS model
including Rashba physics, as proposed in Ref. [8, 32].
Although the symmetry breaking source is still debated
in perovskites, it can arise at the surfaces and/or internal
interfaces, especially at cryogenic temperature due to the
twinning of structure domains. The Hamiltonian has the
following form in the relative coordinate [31]
H = −∇
2
r
2µ
+ V (r) + (αeσe − αhσh) · nˆ× i∇r (1)
where r = re − rh with re(rh) for the electron (hole) (e
and h) spatial coordinate. ∇ is the Laplace operator.
The reduced mass µ is defined by µ−1 = m−1e + m
−1
h .
The Rashba term comes from a combined effect of spin-
orbit interaction and inversion symmetry breaking (ISB),
with ISB field in the nˆ direction, which is much stronger
than e-h exchange interaction ∼0.01 meV in MAPbI3 [2].
The optical spectrum of exciton Φ can be understood by
the oscillator strength fΦ ∝ |PΦ|
2
ωΦ
, with ωΦ for exciton
oscillator frequency and PΦ for optical matrix element.
The coupling between the exciton and phonon modes is
investigated through phonon-modulated model parame-
ters, including µ, αe, αh and PΦ. They exhibit sinusoidal
modulations in time domain following the frozen phonon-
induced atomic movement, as shown by DFT calculations
(see supplementary section [31]). Therefore, model sim-
ulations reported next use parameters in sinusoidal time
modulations with amplitude from these DFT results.
The lowest energy solution of the above exciton Hamil-
tonian gives 1s exciton without Rashba interaction,
which has four fold degeneracy due to the electron dou-
blet and hole doublet [8]. With the inclusion of non-zero
Rashba term in MAPbI3, the quartet ground state splits
to a dark doublet, |Φ〉2,3, sandwiched between two bright
states, |Φ〉1 and |Φ〉4 as marked in Fig. 1(c). Note, how-
ever, that the dark doublet is not entirely optically in-
active because some amount of atomic orbital character
mixing in the e and h states produce relatively small yet
finite dipole matrix elements, according to our DFT band
structure calculations [31].
When different phonon modes in the system are ex-
cited by THz pump, the bright and dark exciton states
respond in different manners. In Fig. 4, we plotted the
coupling between the four lowest energy exciton states
and the two most pronounced phonons identified, Ra-
man ωR and IR ωI modes. By comparing the period-
ical control of the Rashba parameters under these two
-8
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Figure 4. Calculation of the transient optical responses for
the Rashba states by phonon modulation of IR and Raman
symmetries. (a) and (b): Changes of the Rashba parameters
unde ωI and ωR vibrations. (c) Coherent brightening of the
dark excitons shown as their oscillator strength changes cal-
culated for the middle, two dark exciton states |Φ〉 2, 3 for 16
frames during one cycle of the lattice vibration. (d)-(e) Mode-
selective coupling to exciton FSS for ωR and ωI modes. A
dynamic model simulation using two excitonic oscillators cen-
tered at positive and negative peaks (dashed lines) of ∆R/R
(f) and with (without) pump (g). (h)-(i): A dynamic model
simulation using a single oscillator (main text).
modes in Figs. 4(a) and 4(b), we clearly notice that the
ωR has much bigger modulation to αe and αh. We at-
tribute such distinct enhancement to the facts that the
ωR mode introduces a much larger twist to the PbI6 cage
than the ωI mode and that the Pb-I frame directly deter-
mines the electronic band structure of MAPbI3 near the
Fermi level. As a result, it is clearly visible, that the ωR
mode changes the bandgap and oscillator strength of the
dark states |Φ〉2,3 significantly, which gives rise to a pro-
nounced ωR phonon modulation (blue circles), based on
the model calculation in Fig. 4(c), i.e., subcycle coher-
ent brightening of the dark excitons. In contrast, there is
nearly no response to the ωI mode of the same amplitude
(black circles). This is in excellent agreement with the
experimental observations in Figs. 3(b) and 3(d). More-
over, we summarize the simulated results for the phonon
amplitude dependence of the oscillator strength for the
excitonic FSS states when coupled with ωI (Fig. 4(d))
and ωR (Fig. 4(e)) modes, respectively. For the ωI cou-
pling in Fig. 4(d), the bight states |Φ〉1,4 (rectangle and
triangle) exhibit bigger responses than the dark states
|Φ〉2,3 (circles). The trend is clearly reversed for the ωR
coupling in Fig. 4(e). These simulations clearly explain
the key mode-selective coupling data in Fig. 2g [33].
5Finally, Figs. 4(f)-4(i) show that a minimal working
model for the experimental observed ∆R/R requires two
bright oscillators, instead of a single one. First, the pres-
ence of the two bright excitonic states produces simula-
tion results in excellent agreement with experiment, as
shown in Figs. 4(f) and 4(g). The two bright oscilla-
tors are centered at 750.9 and 756.7 nm, which corre-
spond to the positive and negative peaks (Fig. 2(a)),
as marked by #2 and #3 in Fig. 4(f). The two oscil-
lators only exhibit very small band gap renormalization
(BGR) shifts, ∆w =0.1nm and 0.3nm, respectively, for
the highest THz pumping, which are within the spectral
resolution with no visible shift, consistent with the ex-
periment (Fig. 2(b)). Note also that the very narrow
dark states (marked as #1) in the center will not affect
the transient spectra which are determined by the bright
states. Instead they can only be resolved with the quan-
tum beat spectra and coherence times shown in Figs. 2
and 3. Second, although one may also produce reason-
ably the ∆R/R spectra using a single oscillator model
(supplementary [31]) using BGR shift ∼0.1 nm, such a
model give rise to an opposite mode coupling behavior,
i.e., the ωR mode couple smaller in the center of the ex-
citon resonance than at least one of the sides, as shown
in Figs. 4(h) and 4(i). These curves are generated from
two hypothetic situations, i.e., amplitude (bleaching) and
spectral (BGR) modulations with either ωR or ωI (sup-
plementary) [34]. The results clearly show that the ωR
mode cannot dominate the quantum beat spectra at the
center of the exciton resonance, i.e., the single exciton
model can not even get qualitatively close to our data.
In conclusion, we show THz engineering of the exci-
ton fine structures in perovskite by phonon symmetry
and coherence. The results are consistent with a model
of periodical phonon modulation of Rashba parameters
and spin-slit bands. Our results provide implications for
merging quantum control, spintronics and coherent ef-
fects to explore multi-function perovskite device.
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